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Previously, FRET confocal microscopy has shown that polymeric IgA-receptor (pIgA-R) is distributed in a clustered
manner in apical endosomes. To test whether different membrane-bound components form clusters during membrane
trafficking, live-cell quantitative FRET was used to characterize the organization of pIgA-R and transferrin receptor (TFR)
in endocytic membranes of polarized MDCK cells upon internalization of donor- and acceptor-labeled ligands. We show
that pIgA-R and TFR complexes form increasingly organized clusters during cotransport from basolateral to perinuclear
endosomes. The organization of these receptor clusters in basolateral versus perinuclear/apical endosomes is significantly
different; the former showing a mixed random/clustered distribution while the latter highly organized clusters. Our
results indicate that although both perinuclear and apical endosomes comprise pIgA-R and TFR clusters, their E% levels
are significantly different suggesting that these receptors are packed into clusters in a distinct manner. The quantitative
FRET-based assay presented here suggests that different receptor complexes form clusters, with diverse levels of
organization, while being cotransported via the polarized endocytic pathways.

INTRODUCTION

Understanding how proteins are correctly localized and
why that process goes awry in diseases is a fundamental
question in biomedical research. Many diseases, such as
cystic fibrosis and hypercholesterolemia, are due to defects
in protein sorting and transport. The mechanism of protein
transport has been analyzed but the molecular and biophys-
ical basis for clustering at all levels of membrane trafficking
pathways remains to be defined. Here, quantitative Förster
resonance energy transfer (FRET) confocal imaging has been
used to address the dynamics of protein clustering during
receptor-mediated endocytic membrane trafficking in live
polarized epithelial cells.

Polarized endocytic pathways include several compart-
ments with different biochemical and molecular properties;
for example, basolateral and apical early endosomes (BEE
and AEE, respectively), common endosomes (CE), and api-

cal recycling endosomes (ARE; see Figure 1; Rojas and Apo-
daca, 2002; Mostov et al., 2003). For this study, filter-grown
polarized epithelial Madin-Darby canine kidney (MDCK)
cells, stably transfected with polymeric IgA-receptor
(pIgA-R) and transferrin receptor (TFR; MDCK-PTR cells),
are used because they express TFR and pIgA-R at moderate
levels and have been extensively used to characterize the
polarized trafficking of these receptors using their respective
fluorophore-labeled ligands, i.e., holo-transferrin (Tfn) and
dimeric IgA or pIgA-R ligand (Apodaca et al., 1994; Barroso
and Sztul, 1994; Gibson et al., 1998; Brown et al., 2000; Wang
et al., 2000; Rojas and Apodaca, 2002; Mostov et al., 2003; see
Figure 1A). Both TFR and pIgA-R are involved in physio-
logically significant cellular processes, such as iron uptake
for TFR (Lawrence et al., 1999; Cheng et al., 2004) and secre-
tory immunity for pIgA-R (Rojas and Apodaca, 2002). TFR
undergoes basolateral recycling via BEE, CE, and AEE (see
Figure 1A, arrows 1, 2b, 2a, 3a, 3b, and 5b; Odorizzi et al.,
1996; Gibson et al., 1998; Sheff et al., 1999; Leung et al., 2000).
Entrance of basolaterally internalized TFR into the AEE
suggests that these endosomes play a role in the basolateral
recycling of TFR (Leung et al., 2000). Although, the majority
of pIgA-R transcytoses to the apical PM via the CE and the
ARE (see Figure 1A, arrows 3c and 6), a smaller, but signif-
icant minority, recycles back to the basolateral surface to-
gether with TFR (see Figure 1A, arrow 2a or 3a; Apodaca et
al., 1994; Barroso and Sztul, 1994; Gibson et al., 1998; Brown
et al., 2000; Leung et al., 2000; Wang et al., 2000). In contrast
to TFR, which is predominantly located at the basolateral
PM, pIgA-R is also found at the apical PM (Figure 1A, arrow
4). On apical internalization, pIgA-R is delivered to the AEE
and CE (Figure 1A, arrows 4, 5a, and 5b) and recycled back
to the apical PM via the ARE (Figure 1A, arrow 6; Barroso
and Sztul, 1994; Leung et al., 2000). Basolateral-to-apical
transcytosis and apical PM localization, and internalization
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of TFR are only achieved upon treatment with brefeldin A
(BFA; see Figure 2A), a fungal metabolite that disrupts the
polar sorting of endocytic receptors (Wan et al., 1992; Futter
et al., 1998; Wang et al., 2001).

An essential prerequisite for efficient membrane protein
trafficking is the segregation of protein molecules within
continuous membrane sheets to form microdomains with
specific protein compositions. The sorting of membrane
components from fluid-phase molecules has been suggested
to depend on the endosomal geometry and iterative frac-
tionation (Geuze et al., 1987; Dunn et al., 1989; Mayor et al.,
1993). On the other hand, membrane-bound receptors may
undergo a signal-mediated enrichment upon exiting the PM
or endosomes to be delivered to their specific destinations
(Maxfield and McGraw, 2004). Thus, an important step in
endocytic receptor trafficking could be the concentration of
receptor-ligand complexes in transport intermediates.

The organization of receptors in endocytic membranes has
been analyzed using electron microscopy (Geuze et al., 1984;
Stoorvogel et al., 1989). Demonstration that gold-labeled Tfn
or gold-labeled pIgA-R ligand concentrate in discrete pack-
aging sites, such as in clathrin-coated buds, in polarized
MDCK cells has been hard to achieve because of technical
difficulties in loading the endosomal system close to satura-
tion (Geuze et al., 1984; Futter et al., 1998; Gibson et al., 1998).
In polarized MDCK cells, some studies have suggested that
receptors are organized in a nonuniform manner in endo-
cytic membranes (Futter et al., 1998), whereas other studies
have indicated that receptors are distributed in a random
manner throughout endocytic tubules and vesicles (Gibson
et al., 1998).

In this study, we used quantitative FRET confocal microscopy
in live cells to investigate the nature of receptor organization in
membranes of polarized endosomes Membrane-bound recep-
tors can either be assembled in clusters, distributed randomly
or possibly exhibit a continuum between these two states. The
relationship between FRET and the geometric distribution of
labeled membrane components is highly nonlinear. Thus,
mathematical modeling has played a key role in identifying
relevant parameters and developing criteria to reveal the pres-
ence of clustered receptors (Kenworthy and Edidin, 1998;
Varma and Mayor, 1998; Kenworthy et al., 2000; Tcherkasskaya
et al., 2002). The quantitative FRET assay presented here uses
the efficiency of the energy transfer (E%) and its relationship to
donor and acceptor (A) fluorescence intensities to establish
whether the close proximity between membrane proteins is
due to random associations (“molecular crowding”) or specific
nonrandom clustering (Zimet et al., 1995; Kenworthy and
Edidin, 1998; Kenworthy et al., 2000; Pentcheva and Edidin,
2001; Zacharias et al., 2002; Wallrabe et al., 2003a,b, 2006; Bhatia
et al., 2005; Wallrabe and Barroso, 2005). Our results show that
clusters, comprising these two receptor-ligand complexes dur-
ing cotransport, are formed with increasingly tighter organiza-
tions along the polarized endocytic pathway of live MDCK-
PTR cells.

MATERIALS AND METHODS

Culture of MDCK-PTR Cells on Filter Inserts
MDCK-PTR cells stably transfected with rabbit pIgA-R and human TFR
(Brown et al., 2000; Wang et al., 2000) were grown to confluence in 100-mm cell
culture dishes, trypsinized, centrifuged, and resuspended in DMEM/10%
fetal bovine serum/Pen-Strep (Barroso and Sztul, 1994). Approximately
300,000 cells were placed on top of an inverted Transwell Clear insert (Corn-
ing Costar, Cambridge, MA), which allowed for their direct visualization
through a coverslip using an inverted microscope (Brown et al., 2000;
Wallrabe et al., 2003a). After 3–4 d in culture, the fully polarized monolayer
was immediately used according to different internalization protocols

(Barroso and Sztul, 1994; Wallrabe et al., 2003a). Cellular polarity was estab-
lished by the reduced apical uptake and basolateral staining of apically
internalized fluorophore-labeled Tfn (�10%) and ricin (�5%), using confocal
microscopy (Barroso and Sztul, 1994).

Fluorophore-labeled Ligands
Alexa488 (donor) was conjugated to pIgA-R pseudoligands ([Fab]2 fragments
raised against rabbit pIgA-R extracellular domain) according to the manufac-
turer’s (Invitrogen, Carlsbad, CA) protocol (Barroso and Sztul, 1994; Wallrabe
et al., 2003a). Conjugation of Cy3 (acceptor) was performed, according to the
manufacturer’s (GE Healthcare, Waukesha, WI) instructions, to iron-free hu-
man Tfn (apo-Tfn; Sigma, St. Louis, MO), followed by iron loading with ferric
ammonium citrate as described previously (Barroso and Sztul, 1994). Al-
exa488 (donor) or Alexa555 (acceptor) bound to human Tfn were purchased
from Invitrogen and preloaded with iron. Previously, we have shown that
MDCK cells expressing only pIgA-R (MDCK-PWE cells) bound iron-loaded
human Tfn at very low levels because of the inability of dog TFR to recognize
human Tfn (Barroso and Sztul, 1994). Furthermore, iron-loaded dog Tfn was
internalized at low levels into MDCK cells in a TFR-dependent and pIgA-R-
independent manner (Barroso and Sztul, 1994). Significant apical re-endocy-
tosis upon release of ligands into the apical media does not happen under our
internalization conditions (Barroso and Sztul, 1994; Wallrabe et al., 2003a).

Internalization of Fluorophore-labeled Ligands
Inserts with a fully polarized MDCK-PTR cell monolayer were washed with
PBS2�, equilibrated with MEM/HEPES/BSA at 37°C, and pretreated 15 min
with or without 10 �M BFA. Then, these cells were internalized for 30 min at
37°C with different amounts of Alexa488-pIgA-R ligands and/or Cy3-Tfn/
Alexa555-Tfn (40–100 �g/ml) from the basolateral and/or apical PM in the
presence or absence of 10 �M BFA. High concentrations of pIgA-R ligand and
Tfn helped minimize the presence of empty receptors. Cells were washed and
fixed with 4% paraformaldehyde/phosphate-buffered saline (PBS), as de-
scribed previously (Barroso and Sztul, 1994; Wallrabe et al., 2003a,b, 2006). For
live cells, the protocol was exactly the same, except that each insert followed
the regimen individually and was imaged immediately at room temperature.
As a positive control for random distribution of substrate-bound proteins,
Alexa488-Tfn and Alexa555-Tfn were incubated for 30 min at room temper-
ature onto polylysine-coated glass coverslips, fixed with 4% paraformalde-
hyde, washed in PBS, and imaged within 48 h using confocal microscopy. As
a positive control for membrane protein clustering, Alexa488-Tfn and Al-
exa555-Tfn were internalized for 30 min at 37°C into polarized MDCK-PTR
cells, as described previously (Wallrabe et al., 2006).

For FRET assay purposes (filter-bound cells or polylysine-bound cover-
slips), three different samples were used: double-labeled specimens, contain-
ing D- and A-labeled ligands (pIgA-R and/or Tfn) and two single-label
specimens containing either D- or A-labeled ligands; the single-label reference
samples were used to establish spectral-bleedthrough (SBT) levels.

Immunofluorescence of Polarized Cells
Polarized MDCK-PTR cells were internalized from the basolateral PM with
Alexa555-Tfn for 30 min at 37°C and treated with or without BFA, as de-
scribed above. Then, cells were washed, fixed with 4% paraformaldehyde,
and processed for immunofluorescence, as described previously (Andrade et
al., 2004). Monoclonal antibodies against EEA1 (BD Biosciences, San Jose, CA)
and rabbit polyclonal against Rab11 (Invitrogen/Zymed, South San Francisco,
CA) were used at 1:100 and 1:40 dilutions, respectively. Cells were visualized
using a Zeiss 510META LSM microscope (Thornwood, NY, as described
below), and Z-series with a 0.5-mm interval were collected. Image analysis of
confocal images was performed using Adobe Photoshop 5.5 (San Jose, CA).
To allow intensity comparisons, we used similar conditions to collect and
manipulate images within each antibody experiment.

Laser Scanning FRET Microscopy
For data collection, the specimen was positioned in a small chamber created
by a coverslip between two metal rings, filled with a small amount of PBS
(fixed cells) or MEM/HEPES/BSA media (live cells) and placed on the
microscope stage. Nikon PCM 2000 (Melville, NY) or Bio-Rad Radiance 2100
laser scanning confocal microscopes (Richmond, CA), respectively, mounted
on a Nikon TE200 or TE300 epifluorescence microscopes and equipped with
Argon (488 nm) and Green HeNe (543 nm) lasers and emission filters, 515/30
nm and LP590 nm, were used with a 60� water immersion lens, 1.2 NA to
collect images for FRET processing. For image acquisition and processing,
SimplePCI software (Compix, Cranberry Township, PA) was used to drive
the Nikon hardware, and LaserSharp2000 was used for the Bio-Rad micro-
scope.

Data Collection
Two-color Z-series with a 0.5-�m vertical step were collected to check cell
height (10–15 �m) and to select focal planes at different cell heights. Optimal
PMT and accumulation settings and laser power levels were established in
this pre-FRET-acquisition phase. With the zoom setting at �2�, images of the
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double-labeled specimen were taken with the Green HeNe laser, 543-nm
excitation, i.e., acceptor excitation, and the acceptor emission channel (LP590
nm) followed by imaging with the argon laser 488-nm excitation, i.e., donor
excitation, and the donor (515/30 nm) or the acceptor (LP590 nm) emission
channels. The single-labeled acceptor specimen followed the same protocol.
The image of the single-labeled donor specimen at acceptor excitation wave-
length was collected to verify the instrument cross-talk in both channels.
Images of all three types of specimen were taken under identical imaging
conditions; PMT gain and black-level were set at identical values to collect
data simultaneously in both channels into 1024 � 1024- or 512 � 512-pixel
eight-bit images. Bleaching was undetectable during the short exposure to
collect the final image. The Bio-Rad Radiance 2100 confocal system was used
for live cell image acquisition. A custom macro was used to toggle between
donor and acceptor excitation lasers and thus minimize the delay in switching
lasers. The Nikon PCM2000 microscopes were used to collect images from
fixed cells.

Postacquisition Data Generation
First, images were background-subtracted and processed by the PFRET soft-
ware, which removed donor and acceptor SBT pixel-by-pixel on the basis of
matched fluorescence levels between the double-label specimen and single-
label reference specimens, using seven images: two single-label donor refer-
ence images (donor excitation/donor channel and acceptor channel); two
single-label acceptor reference images (donor and acceptor excitation, both in
the acceptor channel); three double-label images (donor excitation/donor and
acceptor channel, acceptor excitation/acceptor emission; Elangovan et al.,
2003; Wallrabe et al., 2003a,b). The three double-labeled images were named
as follows: quenched donor (qD), i.e., the donor excitation/donor emission;
acceptor (A), i.e., acceptor excitation/acceptor emission; and uncorrected
FRET (uFRET), i.e., donor excitation/acceptor emission. The pixel-by-pixel
correction used to generate the processed FRET (PFRET) image was actually
based on the average value of narrow fluorescence ranges, for more efficient
running of the correction algorithm (Elangovan et al., 2003). In our case, we
chose the average of 12 fluorescence units per range, i.e., 0–12, 13–24, etc.,
continuing to the highest fluorescent units in the image. Using the average of
even narrower ranges did not improve the sensitivity.

Postacquisition Data Analysis
Our measurements fall into the category of “apparent” E%, which is depen-
dent on Förster-type energy transfer E (Wouters et al., 1998; Lakowicz et al.,
1999), but is also influenced by the concentrations of those donor or acceptor
molecules that are not involved in energy transfer; for brevity we will use E%,
instead of “apparent” E%. E% is an expression of the energy transfer as a
percentage of the unquenched donor, d � qD � ��PFRET, as described in the
following equation: E% � 100�(��PFRET)/D, i.e., E% � 100�1 � (qD/D)
(Elangovan et al., 2003; Wallrabe et al., 2003a, 2006; Bonamy et al., 2005;
Wallrabe and Barroso, 2005). The � factor, which is a function of the quantum
yield of the fluorophores and the spectral sensitivity of the detection setup, plays
a crucial role in recording precise E% and distances between fluorophores.
Because the excitation efficiencies (�), quantum yields of the fluorophore mole-
cules and the detection efficiencies (Q) remain constant throughout the exper-
iments, and the � factor does not affect the answers that FRET-based cluster-
ing analysis seeks. Therefore, for simplicity we used � � 1, as described
previously (Elangovan et al., 2003; Wallrabe et al., 2003a,b, 2006). Neverthe-
less, different microscopes using different imaging collection instruments and
settings will by definition have distinct � factors. Therefore, the relative E%
values differ for data collected using distinct microscope systems. Such a case
is demonstrated when comparing the perinuclear data set collected using
different microscopic settings (cf. Figures 4C vs. 6B). Thus, different data sets
can only be compared when collected using identical microscopy settings, for
example, Figures 4, C and D, and 5D or Figures 6, A and B, 7, C and D, and
8, A and B.

A custom-written analysis program was able to select pixels of the eight-bit
gray-scale fluorescence intensities of uFRET, A and qD images ranging be-
tween 0 at the lower bound and at the higher bound one below [255 minus
background value] to exclude any saturated pixels. Under our imaging con-
ditions, there were very few saturated pixels (Wallrabe et al., 2003a, 2006).
Then, appropriate regions of interest (ROIs) were visually selected from the
uFRET image. These ROIs were subsequently applied to the other images to
extract the fluorescence values. The values which include PFRET (actual
energy transfer levels as per the PFRET SBT correction algorithm), qD and A
levels were transferred to an Excel spreadsheets (Microsoft, Redmond, WA)
for calculation of additional parameters such as E%, D, and D/A ratios. These
values were averaged over ROIs containing 50–500 pixels. For further FRET
clustering analysis, E% values that correspond to A or D values of 10–80
Gy-scale units per pixel were selected to avoid the noise of very high or very
low A or D fluorescence intensities on E% and to exclude outlier values
(�5%), i.e., individual values that lie outside the overall observed range
(Bhatia et al., 2005; Wallrabe et al., 2006).

Statistical Analysis
To provide insights as to whether E% is affected by increasing levels of A at
specific D/A ranges, the data were arranged into several D/A and A ranges.

For D/A ranges, we used the following ranges: D/A � 1 � [1/�2; �2] and
D/A � 2 � [�2; 2��2], which corresponds to categories with a twofold
increase, centered around 1 and 2, respectively. Thus, D/A � 1 ranged from
D/A values of 0.7–1.4, whereas D/A � 2 ranged from values of 1.4–2.8. In bar
charts, the gray-scale intensity cohorts for A were defined by splitting in three
the range defined by the lowest and highest value of A (Low � [20;40],
Medium � [40;60], High � [60;80]). This approach can only be used to
compare E% values for different data sets that show overlap between the high,
medium and high ranges of A (Figures 3E and 8B).

To statistically analyze whether or not E% was dependent of the level of A
at specific D/A ranges, we used the correlation coefficients (r value) and the
slope (s values) as indicators (Table 1). The closer the r values are to 0, the less
E% is dependent on A levels; the closer r values are to 1, the more E% depends
on A levels. Another important parameter to determine whether E% depends
on A levels is the slope of the linear regression, because a slope close to zero
may have a high correlation, but suggest that E% does not depend on A. To
analyze whether the E% cohorts at different A levels (10–19, 20–29, 30–39,
40–49, etc.) were significantly different or not, we used the ANOVA with a
single-factor analysis from the Excel data analysis software package to estab-
lish p values between groups; significance of the statistic differences between
the groups was indicated by p � 0.001.

To compare different data sets (for example, treated and untreated with
BFA or different endosome groups), we did an ANCOVA using [R] to assess
whether the treatment (alone) has an effect or not on the distribution. In a first
model, we verified that the treatment did not significantly modify the slope of
E% � f(A) (cf. p value for A � Variable in Table 2). Then, in a reduced model,
where the data are fitted with a common slope, we assessed whether the
treatment had an effect affected, by testing if the intercept at the origin was
modified (cf. p value for Variable in Table 2). It is important to stress that
directly comparable data sets were collected and processed under identical
microscopy settings and FRET conditions (Figures 4, C and D, and 5D or
Figures 6, A and B, 7, C and D, and 8, A and B; Table 2); data sets that are not
collected and processed under identical microscopy settings and FRET con-
ditions were not directly compared (Figures 4C vs. 6B). The combination of
correlation coefficients, slope values, and ANOVA and ANCOVA analyses
allows us to make some powerful deductions about the nature of the distri-
bution of receptor-ligand complexes in endocytic membranes (Wallrabe et al.,
2003a,b, 2006).

RESULTS

Previously, we have used quantitative confocal FRET to
demonstrate that pIgA-R-ligand complexes are organized in
a clustered manner in the apical endosomes of polarized
MDCK cells (Barroso and Sztul, 1994; Elangovan et al., 2003;
Wallrabe et al., 2003a,b, 2006; Wallrabe and Barroso, 2005).
These results strongly suggest that the clustering of mem-
brane-bound receptor-ligand complexes is an important part
of their protein sorting and transport in polarized cells. To
test this hypothesis, quantitative confocal FRET has been
used to determine whether TFR and pIgA-R complexes form
differently organized clusters in various polarized endo-
somes during their trafficking in live MDCK-PTR cells.

Morphology-based Assay To Discriminate between
Different Polarized Endosomes
A strategy based on cell morphology has been developed to
identify distinct endocytic compartments in polarized epi-
thelial cells using FRET confocal microscopy (Barroso and
Sztul, 1994; Brown et al., 2000; Wang et al., 2000, 2001;
Maxfield and McGraw, 2004; Rodriguez-Boulan et al., 2005).
A two-step approach was used: Various endocytic compart-
ments were identified in the polarized MDCK-PTR cell sys-
tem in the presence or absence of BFA by determining their
“geographical” localization in comparison to two well-
known endocytic markers, Rab11, a well-characterized ARE
marker (Casanova et al., 1999; Leung et al., 2000; Wang et al.,
2001), and EEA1, an effector of Rab5 function that has been
associated with early endosomes (Mu et al., 1995; Simonsen
et al., 1998b; Leung et al., 2000), in particular the AEE (Leung
et al., 2000). A selection criterion based on the relationship
between basolateral, perinuclear, and apical endocytic struc-
tures located at different cell heights and subcellular regions
and different polarized compartments, such as AEE/BEE,
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CE and ARE, was applied to a ROI-based quantitative FRET
approach to assign FRET values to specific endocytic compart-
ments. The main objective is to assay FRET events located at
different endocytic regions while avoiding the technical chal-
lenges that may arise from introducing an additional fluores-
cent endocytic marker into a FRET-based assay in view of
potential spectral overlap and/or availability of laser lines.

To identify various polarized endocytic compartments by
colocalization with well-known markers, MDCK-PTR cells
were basolaterally internalized with Alexa555-Tfn for 30
min at 37°C in the presence or absence of BFA, which
missorts Tfn to the apical PM (Wang et al., 2001). Because Tfn
remains attached to TFR during its intracellular trafficking,
detectable fluorescence staining indicates the presence of
Tfn-TFR receptor-ligand complexes; referred to, for simplic-
ity, as TFR complexes. Then, cells were fixed and immuno-
fluorescence was performed using anti-Rab11 or anti-EEA1
and Alexa488-secondary antibodies. Cells were imaged us-
ing a Zeiss 510META LSM confocal microscope and z-series
of double-label images were collected at 0.5-�m intervals.
Finally, the distribution of Rab11 and EEA1 was overlaid
with that of Tfn-TFR complexes, and three images were
selected at different cell heights: 2–4 �m (basolateral region),
6–7 �m (perinuclear region), and 10–9 �m (apical region)
above the insert filter (Figure 2).

As shown previously (Wang et al., 2001), TFR complexes
undergo a dramatic shift in distribution upon treatment
with BFA. In untreated cells, TFR complexes accumulate in
punctate structures predominantly at the basolateral and
perinuclear regions, with a reduced amount found in the
apical region (Figure 2, a–e). In BFA-treated cells, TFR com-
plexes redistribute mainly to the apical and perinuclear re-
gions, with few punctate structures found in the basolateral
region (Figure 2, i–k). Although the distribution of TFR
complexes remain the same in the presence or absence of
BFA in the basolateral (periphery) and perinuclear (dis-
persed throughout) regions, in the apical region it shifts
from a dispersed peripheral pattern in the absence of BFA to
a more centralized distribution in the presence of BFA. In
untreated cells, Rab11’s centralized apical distribution
shows a reduced colocalization with the weak Tfn staining
(Figure 2c; Wang et al., 2001). In contrast, in the apical region
of BFA-treated cells, the TFR distribution pattern shows a
significant overlap with the Rab11 staining (Figure 2h).
These results suggest that BFA induces the movement of
TFR complexes into the ARE as it is being delivered to the
apical PM via the transcytotic pathway (Wang et al., 2001).

Our results also confirm previous data showing that ba-
solaterally internalized TFR complexes are delivered to the
AEE (Leung et al., 2000), because colocalization is detected
between them and that of EEA1, predominantly in the cell
periphery of the perinuclear and apical regions (Figure 2, d
and e). These results suggest that AEE may play a role in the
basolateral recycling of TFR complexes (Leung et al., 2000).
Interestingly, in BFA-treated cells, only a reduced level of
colocalization is detected between the peripherally disperse
EEA1 punctate structures and the TFR complexes concen-
trated in the central area of the apical region (Figure 2k).
These results suggest that in the absence of BFA, the TFR
complexes participating in the basolateral recycling path-
way have access to the BEE, CE, and AEE at the basolateral,
perinuclear, and apical regions, respectively. In contrast, in
the presence of BFA, the TFR complexes are shifted to the
basolateral-to-apical transcytotic pathway in which they are
mainly delivered to the BEE, CE, and ARE at the basolateral,
perinuclear, and apical regions, respectively.

To develop a morphology- and ROI-based quantitative
imaging approach to localize FRET signal to different endo-
cytic compartments in polarized MDCK-PTR cells, Al-
exa488-pIgA-R ligands and/or Cy3-Tfn were internalized
jointly from the basolateral surface for 30 min at 37°C in the
absence or presence of BFA (Figure 3A) and imaged at
different cell heights using confocal microscopy (Figures 1
and 2). As mentioned above, detectable fluorescence stain-
ing indicates the presence of pIgA-R and/or TFR receptor-
ligand complexes, referred to, for simplicity, as pIgA-R and
TFR complexes. Our preparation of [Fab]2 derived from
affinity-purified polyclonal antibodies against secretory
component shows significantly higher transcytotic ability
than monovalent Fabs (50–60 vs. 25–30%; Breitfeld et al.,
1989; Barroso and Sztul, 1994) but lower than dIgA (50–60
vs. 70–80%; Apodaca et al., 1994; Brown et al., 2000) and does
not accumulate intracellularly (Breitfeld et al., 1989; Barroso
and Sztul, 1994). This difference in transcytotic/recycling
behavior is probably due to the fact that the binding of dIgA
induces the dimerization of pIgA-R (Singer and Mostov,
1998; Rojas and Apodaca, 2002; Van IJzendoorn et al., 2002;
Mostov et al., 2003), resulting in the stimulation of the re-
ceptor transcytosis, at least threefold (Song et al., 1994; Luton
et al., 1999; Luton and Mostov, 1999; Giffroy et al., 2001).
[Fab]2 may partially cross-link pIgA-R, thus mimicking the
ligand-induced receptor dimerization and allowing the par-
tial induction of pIgA-R transcytosis. However, there is no
abnormal cross-linking between [Fab]2 and the pIgA-R be-
cause that process would generate large complexes that
would mask the FRET signal and be directed to the lyso-
somes. This targeting to the lysosomes would result in high
levels of degradation (Weissman et al., 1986), which does not
occur under our experimental conditions (Barroso and Sztul,
1994; Wallrabe et al., 2003a). Here, we show that there is
significant colocalization between basolaterally internalized
TFR and pIgA-R ligand complexes in BFA treated or un-
treated cells (Figure 3B, a–d) as well as between TFR com-
plexes and Rab11 in BFA-treated cells (Figure 2h). These
results suggest that TFR and pIgA-R complexes are part of
the recycling/transcytotic pathway and not of the late en-
dosome/lysosomal pathway.

A wide variety of ROIs were collected using a selection
criterion based on their subcellular location in relationship
to: 1) insert surface, i.e., the basal surface of the cells; 2) the
nucleus; and 3) the cell center or periphery (Figures 1–3). In
Figure 1B, a schematic representation of the different endo-
cytic morphologies of cross sections at the basolateral, pe-
rinuclear, and apical locations is shown to help understand
the ROI selection; basolateral ROIs are collected at the pe-
riphery of the cell across the lower part of the nucleus,
whereas perinuclear ROIs are collected at the upper part of
the nucleus away from the PM and the apical ROIs at the
center of the cell above the nucleus. Finally, the ROI fluo-
rescence intensities were subjected to a quantitative analysis
to determine the response of these three endosome groups to
BFA (Figure 3C). On the basis of the TFR/Rab11 and TFR/
EEA1 colocalization distribution pattern (Figure 2), we pro-
pose the following: The basolateral ROIs represent the BEE
and the perinuclear ROIs the CE. The apical region contains
both the AEE and the ARE. In the nontreated cells, apical
TFR complexes colocalize with EEA1 and a weak colocaliza-
tion with Rab11. In contrast, in the BFA-treated cells, the
TFR complexes exhibit a weak corelation with EEA1 distri-
bution and high levels of colocalization with Rab11, clearly
identifying the ARE.

In Figure 3B, four images are shown from a Z-series of
double-label images collected with a 0.5-�m vertical step
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using confocal microscopy. Basolaterally cointernalized
pIgA-R and TFR complexes are found in peripherally lo-
cated basolateral endosomes (Figure 3, A and B, e and f). In
the absence of BFA, both pIgA-R and TFR complexes traffic
as far as the perinuclear region (Figure 3, A and Bc) and
pIgA-R is predominantly detected at the apical location
(Figure 3, A and Ba). In the presence of BFA, both pIgA-R
and TFR complexes are detected in endocytic structures
located mainly at the perinuclear and apical region (Figure
3, A and B, b and d).

In Figure 3C, three groups of endosomes (basolateral,
perinuclear, and apical) are distinguishable based on their
location, relative amount of TFR and pIgA-R and response
to BFA, confirming the qualitative results of Figures 2 and
3B. This quantitative fluorescence analysis is consistent with
previous reports indicating that BFA disrupts polar sorting
(Hunziker et al., 1991; Wan et al., 1992; Prydz et al., 1992;
Barroso and Sztul, 1994; Futter et al., 1998; Wang et al., 2001)
and supports our morphology-based approach.

FRET To Discriminate Clustered and Random Protein
Distributions
Mathematical models have been used to discriminate a clus-
tered from a random membrane protein organization based
on the relationship between E% and A levels at specific
ranges of D/A ratios, which are experimentally determined
using quantitative FRET (Zimet et al., 1995; Kenworthy and
Edidin, 1998; Kenworthy et al., 2000; Zacharias et al., 2002;
Wallrabe et al., 2003a,b, 2006; Wallrabe and Barroso, 2005). In
a random situation, the likelihood of an acceptor colocaliz-
ing with a given donor is positively correlated with A levels
and leads to an increase in E% (Figure 4A). Conversely, in a
clustered scenario where molecules by definition are in
proximity either in dimer or higher-order oligomeric com-
plexes, E% is largely independent of A levels, and it does not

decrease to zero when A trends to zero (Kenworthy and
Edidin, 1998; Kenworthy et al., 2000; Pentcheva and Edidin,
2001; Spiliotis et al., 2002; Figure 4C). Furthermore, E% ver-
sus D/A is used to provide further insights into the tight-
ness of the cluster organization (Wallrabe et al., 2003a,b,
2006). An overall negative dependency between E% and
D/A at high and low A levels suggests a tight cluster orga-
nization (Figure 4C), whereas a general independency, high-
lights a random organization (Figure 4A). In a mixed ran-
dom/clustered organization, where an assortment of
clusters and randomly distributed proteins are found, E%
may be positively correlated to A levels, but at a given A
level it may be negatively dependent on D/A (Pentcheva
and Edidin, 2001; Bhatia et al., 2005).

As a positive control for randomly organized proteins,
different ratios of donor-Tfn and acceptor-Tfn bound to
polylysine-coated coverslips were subjected to FRET confo-
cal imaging (Figure 4B). A strong positive relationship be-
tween E% and A levels at both D/A � 1 and D/A � 2 is
detected for Tfn-bound to polylysine-covered coverslips
(Figures 4, B and E), with E% values trending to zero with
decreasing A levels and correlation coefficients of r � 0.72
(slope s � 0.5) at D/A � 1 and r � 0.85 at D/A � 2 (Table
1). ANOVA test on E% at different A levels at D/A �1 yields
a p value indicating significant evidence that the means are
not equal (p � 0.001; Table 1). Furthermore, the E% versus A
relationship behaves independently of D/A, i.e., at both low
and high A levels E% values are not dependent on D/A
(Figure 4B). These results indicate that donor-Tfn and accep-
tor-Tfn show a random organization upon binding to poly-
lysine-coated coverslips.

For a clustered organization, donor-Tfn and acceptor-Tfn
were bound to the TFR homodimer (Lawrence et al., 1999;
Cheng et al., 2004) at the PM and internalized into MDCK-
PTR cells (Wallrabe et al., 2006). Identical confocal imaging

Figure 1. Endocytic/transcytotic membrane
trafficking pathways in polarized MDCK-PTR
cells. (A) Arrows indicate natural endocytic/
transcytotic membrane trafficking pathways
available to fluorescently labeled pIgA-R ligand
and Tfn in MDCK-PTR polarized cells. pIgA-R
ligand and Tfn bind pIgA-R and TFR, respec-
tively, at the basolateral PM and those receptor-
ligand complexes are delivered to the BEE (ar-
rows 1), and then to the CE (arrows 2b). Whereas
TFR complexes are recycled back to the basolat-
eral PM together with a minor fraction of pIgA-R
complexes (arrow 2a), the majority of pIgA-R
complexes are transcytosed to the apical PM via
the CE and ARE (arrows 3b and 6). On internal-
ization from the apical PM, pIgA-R complexes
are delivered to the AEE (arrow 4) and CE (arrow
5b) and recycled back to the cell surface (arrows
5a and 6). Cell images (Figure 2B) are collected
using confocal microscopy at different cell
heights: the basolateral (blue rectangle), perinu-
clear (green rectangle), and apical (red rectangle)
regions. Cy3- or Alexa555-labeled Tfn-TFR com-
plexes, red arrows; Alexa488-labeled pIgA-R-li-
gand complexes, green arrows. AEE, apical early
endosome; ARE, apical recycling endosome; BEE,
basolateral early endosome; CE, common endo-
some; PM, plasma membrane; TJ, tight junction.
(B) Cross sections of the polarized endocytic mor-
phology show that the majority of the BEE localizes
at the periphery of the cell in the basolateral region, whereas the CE localizes predominantly in the perinuclear region and the ARE above
the nucleus and below the apical PM. This model also shows the potential contamination of perinuclear and apical endosomes with
peripherally localized BEE and AEE, respectively.
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settings were used on both the polylysine- and the cell-based
FRET assays (Figure 4, B and D). No significant positive
dependence of E% on A levels at D/A � 1 and D/A � 2 is
detected (Figure 4, D and E). In agreement, the E% values do
not trend to zero with decreasing A levels and correlation
coefficients show r � 0.08 (slope s � 0.04) at D/A � 1 and
r � �0.04 at D/A � 2 (Table 1). ANOVA test on E% at
different A groups at D/A � 1 yields a nonsignificant p
value (p 	 0.001; Table 1). Furthermore, E% shows a nega-
tive dependence on D/A, because at both high and low A
levels, E% rises with decreasing D/A (Figure 3D). These
results confirm the clustered distribution of TFR complexes
in endocytic membranes.

pIgA-R and TFR Complexes Show Distinct Organizations
in Basolateral versus Perinuclear Endosomes. To test
whether pIgA-R and TFR complexes cluster together along
the endocytic pathway, we have used FRET to assay the
organization of pIgA-R and TFR complexes at the basolat-
eral and perinuclear endosomes. Live-cell FRET confocal
microscopy is performed on images collected at 2–4 �m
above the filter (basolateral; blue rectangle) upon cointernal-
ization of donor-pIgA-R ligand and acceptor-Tfn for 30 min
at 37°C into the basolateral surface of polarized epithelial
MDCK-PTR cells (Figure 5A). Pseudocolor images depict

D/A, A, and E%, respectively, in a pixel-by-pixel manner,
showing the morphology patterns of these parameters. The
typical basolateral morphology with peripherally localized
punctate endocytic structures and a centrally located nu-
cleus (N) is clearly detected across all images (Figure 5B,
d–f). E% images show significant energy transfer between
TFR and pIgA-R complexes in the basolateral region (Figure
5Bf).

To perform a FRET quantitative analysis, a large number
of ROIs (	50 pixels) from several images are selected, each
representing endocytic punctate structures as described in
Figure 1B. For clarity, only four ROIs (white rectangles) are
shown as an example in Figure 5B, d–f. To avoid potential
contamination by perinuclear endosomes, basolateral ROIs
are mainly collected at the periphery of the cell (Figure 1B).
Then, the average values for E%, D, and A are calculated for
these ROIs. The data are split into D/A �1 and D/A � 2
ranges, and E% is then plotted against A levels. In the
basolateral region, E% shows a clear dependence on A levels
at the D/A � 1, but not at the D/A � 2 range (Figure 5D).
Correlation analysis substantiates these conclusions with
values of r � 0.77 (slope s � 1.05) and r � �0.11, respectively
for D/A � 1 and D/A � 2 (Table 1). Further analysis shows
that the rising average A level is clearly matched by equally
rising average E% values; ANOVA analysis demonstrates

Figure 2. Characterization of polarized endo-
cytic compartments. Alexa555-Tfn (red staining)
was cointernalized for 30 min at 37°C into the
basolateral surface of polarized MDCK cells in
the presence [Treatment (�BFA), f–k] or ab-
sence [Control (-BFA), a–e] of BFA. Then, im-
munofluorescence was performed using anti-
Rab11 (a–c and f–h), a ARE marker, or anti-
EEA1 (d–e and i–k), an early endosomal
marker, and secondary antibodies labeled with
Alexa488 (green staining). Then, confocal imag-
ing was performed and images were collected at
different cell regions. Apical, 10–9 �m above the
insert filter (a, d, f, and i); perinuclear, 6–7 �m
above the insert filter (b, d, g, and j); and baso-
lateral, 2–4 �m above the insert filter (c, e, h, and
k). Bar, 5 �m. Yellow staining indicates overlap
between the TFR and the Rab11 or EEA1 distri-
bution patterns.
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Figure 3. A morphology-based system to discriminate between polarized endosomes. (A) Basolateral-to-apical endocytic/transcytotic
pathway of basolaterally cointernalized TFR and pIgA-R complexes in the presence (�) or absence (�) of BFA, which missorts TFR to the
apical PM, as shown by the red arrows 3b, 5a, and 6. (B) Alexa488-pIgA-R ligand (green staining) and Cy3-Tfn (red staining) were
cointernalized for 30 min at 37°C into the basolateral surface of polarized MDCK cells in the presence (�BFA, b, d, and f) or absence (�BFA,
a, c and e) of BFA. Then, confocal imaging was performed and images were collected at different cell regions. Apical, 10 �m above the insert
filter (a and b); perinuclear, 7.5 �m above the insert filter (c and d); and basolateral, 3 �m above the insert filter (e and f). Bar, 5 �m. Yellow
staining indicates overlap between the pIgA-R ligand and TFR distribution patterns. (C) BFA effect on basolateral, perinuclear, and apical
endosomes containing TFR-Tfn and pIgA-R-ligand complexes. The relative amount of fluorescently labeled pIgA-R ligand and Tfn is
evaluated by the average fluorescence intensity of a wide variety of ROIs that were collected and discriminated into basolateral, perinuclear,
and apical endocytic regions according to the morphology-based system based on their location versus the filter insert, PM, and nucleus
(Figure 1B). ROIs include endocytic punctate structures and contain 50–500 pixels. In the presence of BFA, a significant portion of TFR
complexes redistributes to the apical region (�BFA, TFR bars), due to the elimination of their basolateral polarized sorting, which is clearly
detected in the absence of BFA (�BFA, TFR bars). Error bars, 95% confidence interval.
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the positive dependency of E% on increasing A levels at
D/A � 1 with a significant p value (p � 0.001; Table 1).
Moreover, E% appears to behave independently from D/A
at low A values, whereas E% clearly increases with decreas-
ing D/A ratios, at high A levels (Figure 5D). Thus, applying
the model concepts expressed in Figure 4 (Pentcheva and
Edidin, 2001; Wallrabe et al., 2003a, 2006; Bhatia et al., 2005),
these results suggest that TFR and pIgA-R complexes show
a mixed random/clustered behavior in basolateral endo-
somes.

To determine whether pIgA-R and TFR show a random or
clustered distribution in perinuclear endosomes, quantita-
tive confocal FRET is performed on images collected from
the same live cells at 6.0–8.0 �m above the filter under
identical imaging settings (Figure 5A, green rectangle). The
typical perinuclear shape of irregular and punctate endo-
cytic structures surrounding the upper region of the nucleus
(N) is detected across all images (Figure 5B, a–c). Significant
energy transfer levels are also detected between TFR and
pIgA-R complexes in the perinuclear region (Figure 5Bc).
Again, a broad set of ROIs is selected from these structures

(Figure 5B, a–c, white squares). To avoid potential contam-
ination with basolateral endosomes, perinuclear ROIs are
not collected at the cell periphery (Figure 1B). At both D/A
ranges, E% shows a clear independence from A levels (Fig-
ure 5C). Correlation analysis substantiates these conclusions
with values of r � �0.22 (slope s � �0.13) and r � �0.31,
respectively, for D/A � 1 and D/A � 2 (Table 1). ANOVA
single-factor comparing E% values at different A levels
within the D/A � 1 range yields a nonsignificant p value
(p 	 0.001; Table 1). Furthermore, E% displays a negative
dependence on D/A at both high and low A levels (Figure
5C). These results clearly suggest that pIgA-R and TFR
complexes are organized in a clustered distribution in pe-
rinuclear endosomes.

Perinuclear Distribution Investigated in the Presence of
BFA by Internalizing pIgA-R and TFR Complexes from
Opposite PMs
A caveat of the studies described above is the potential
contamination of the perinuclear region with basolateral
endosomes, which may occur upon the cointernalization of

Figure 4. FRET-based assay distinguishes between clustered and random membrane protein distributions. (A) A random organization
model, E% is dependent on acceptor levels but not on D/A ratios. (B) Alexa488- and Alexa555-Tfn are bound to polylysine-covered
coverslips, imaged by confocal microscopy and processed for FRET analysis. The Acceptor, D/A and E% values were extracted for a wide
variety of ROIs and plotted against Acceptor levels at D/A � 1 (squares) or D/A � 2 (triangles). E% shows a clear dependency on Acceptor
levels and independency from D/A. (C) In a clustered organization model, E% is independent from acceptor levels but rises with decreasing
D/A ratios. (D) Alexa488- and Alexa555-Tfn are bound to TFR at the basolateral PM and internalized for 30 min at 37°C, imaged by confocal
microscopy and processed for FRET analysis. The Acceptor, D/A and E% values were extracted for a wide variety of ROIs and plotted against
Acceptor levels as described for B. In B and D, trendlines are shown as visual helpers (D/A � 1, dotted line; D/A � 2, dashed line). E% is
largely independent from Acceptor levels and decreases with increasing D/A ratios. (E) Acceptor values at D/A � 1 were split into three
groups (low, medium, and high), and the respective average E% values were plotted for these Acceptor groups. Although the E% values from
polylysine-bound Tfn samples positively correlated to A levels, E% from TFR-bound Tfn remains similar at all Acceptor levels, as expected
for random and clustered distributions, respectively. Error bars, 95% confidence interval.
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pIgA-R and TFR complexes from the basolateral surface. To
address this potential problem, we have investigated the
perinuclear organization of these receptor-ligand com-
plexes, cointernalized from opposite PMs in the presence of
BFA (Figure 6A, green rectangle), because the majority of the
pIgA-R and TFR complexes colocalizes at the perinuclear
and apical regions (Figure 6B).

Analyzing the perinuclear receptor organization based on
two different internalization schemes (basolateral cointernal-
ization vs. from opposite PMs), both show typical perinu-
clear endocytic pattern (Figure 5B, a–c, and 6B, a–c) and E%

behavior being independent of A levels at all D/A ranges
(Figure 5C and 6C). At the perinuclear region upon inter-
nalization from opposite PMs, the correlation coefficients,
r � �0.32 (slope s � �0.07) and r � �0.16, confirm the E%’s
independence from A levels at D/A � 1 and D/A � 2,
respectively (Figure 6C; Table 1). Furthermore, ANOVA
analysis comparing E% values at different A levels at D/A �
1 with a nonsignificant p value (p 	 0.001) suggests that
there is no difference between groups (Table 1). Further-
more, E% shows a clear negative relationship with D/A; E%
increases with decreasing D/A ratios at both high and low A

Figure 5. pIgA-R and TFR complexes form clusters in perinuclear, but not in basolateral endosomes. (A) The organization and distribution
of pIgA-R and TFR complexes in endosomes that are localized at the basolateral (blue rectangle) and perinuclear (green rectangle) regions
was assayed using FRET confocal microscopy after cointernalization of Cy3-Tfn and Alexa488-pIgA-R ligand from the basolateral PM. (B)
Live-cell confocal FRET imaging was performed on polarized MDCK-PTR cells basolaterally cointernalized with Alexa488-pIgA-R ligand and
Cy3-Tfn. Pseudocolor images, processed using the PFRET correction algorithm, depict the pixel-by-pixel distribution of Acceptor (b and e),
D/A (a and d), and E% (c and f) levels at the basolateral (d–f) and perinuclear (a–c) regions. Examples of selected ROIs that were selected
according to the definitions of basolateral and perinuclear endocytic regions are shown as white squares. Bar, 5 �m. (C and D) E%, D/A and
Acceptor levels were calculated for a wide range of ROIs (white squares). E% values were plotted as a function of Acceptor levels for D/A �
1 (�) and for D/A � 2 (‚). In C and D, trendlines are shown as visual helpers (D/A � 1, dotted line; D/A � 2, dashed line). (C) E% is largely
independent of Acceptor levels and increases with decreasing D/A ratios, suggesting a clustered organization of TFR and pIgA-R complexes
in perinuclear endosomes. (D) E% shows a variable dependency on Acceptor levels depending on D/A, indicating a mixed/random
organization of TFR and pIgA-R complexes in basolateral endosomes.
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levels (Figure 6C). These results indicate a highly organized
clustered distribution for pIgA-R and TFR in perinuclear
endosomes upon internalization from opposite PMs.

To analyze the impact or otherwise of BFA on the orga-
nization of pIgA-R and TFR complexes in perinuclear endo-
somes, we compared above FRET data obtained upon inter-
nalization from opposite PMs in the presence of BFA (Figure
6C) with that obtained upon internalization from the baso-
lateral surface in the absence of BFA (Figure 5C). As shown
in Figure 6D, perinuclear E% at D/A � 1 behaves in a
largely independent manner from increasing A levels in the
presence and absence of BFA using different internalization

protocols. Furthermore, an ANCOVA analysis comparing
the perinuclear E% data obtained using different internaliza-
tion protocols in the presence and absence of BFA yields a
nonsignificant p value, p 	 0.001, at all the A ranges (Figure
6D; Table 2).

pIgA-R and TFR Clusters Are Differentially Affected by
BFA in Polarized Endosomes
To assay whether BFA affects the organization of pIgA-R
and TFR complexes in different endocytic regions, we have
compared FRET data collected at the basolateral and perinu-
clear regions upon cointernalization of pIgA-R and TFR

Figure 6. Perinuclear TFR and pIgA-R complexes show a clustered organization upon internalization from opposite PMs in the presence
of BFA. (A) The organization of pIgA-R and TFR complexes cointernalized from opposite PMs in the presence of BFA was assayed at the
perinuclear region (green rectangle) using FRET confocal microscopy. (B) Live-cell confocal FRET imaging was performed at the perinuclear
region of polarized MDCK-PTR cells upon internalization of Cy3-Tfn and Alexa488-pIgA-R ligand from the basolateral and apical surfaces,
respectively, in the presence of BFA. Pseudocolor images depict the pixel-by-pixel distribution of D/A (a) Acceptor (b), and E% (c) levels at
the perinuclear region. Examples of selected ROIs are shown as white squares. Bar, 5 �m. (C) E%, D/A and Acceptor levels were calculated
for a wide range of perinuclear ROIs. E% values were plotted as a function of Acceptor levels for D/A � 1 (�) and for D/A � 2 (‚).
Trendlines are shown as visual helpers (D/A � 1, dotted line; D/A � 2, dashed line). E% is largely independent of Acceptor levels and
increases with decreasing D/A ratios, suggesting that TFR and pIgA-R complexes show a clustered organization in perinuclear endosomes,
independently of BFA and internalization protocols. (D) Perinuclear E% using cointernalization from basolateral PM in the absence of BFA
(�; Figure 4C) or from opposite surfaces in the presence of BFA (E) were plotted as a function of Acceptor levels for D/A � 1. Trendlines
are shown as visual helpers (�BFA Bas. PM inter., dotted line; �BFA Opp. PM inter., dashed line). These two data sets are not significantly
different (p 	 0.001) using an ANCOVA statistical analysis (Table 2).
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complexes into the basolateral surface for 30 min at 37°C in
the absence or presence of BFA. Although basolateral E% at
D/A � 1 rises with increasing A levels in the presence and
absence of BFA with correlation coefficients and slope values
of r � 0.40, s � 0.40 and r � 0.48, s � 0.39, respectively
(Figure 7A), perinuclear E% at D/A � 1 behaves in a largely
independent manner from increasing A levels in the pres-
ence and absence of BFA with correlation coefficients and
slope values of r � 0.01, s � 0.01 and r � 0.06, s � 0.04,
respectively (Figure 7B). Interestingly, an ANCOVA analy-
sis comparing the E% data in the presence and presence of

BFA shows a significant p value for basolateral endosomes
(p � 0.001) and a nonsignificant p value (p 	 0.001) for
perinuclear endosomes (Table 2).

In summary, BFA clearly does not affect the nature of
receptor clustering in the perinuclear endosomes, whether
internalized from opposite PMs (with BFA) or cointernal-
ized from the basolateral PM (with or without BFA). Thus,
these results suggest that pIgA-R and TFR complexes form
highly organized clusters in perinuclear endosomes, inde-
pendently of internalization protocols and/or BFA treat-
ment. However, our data also suggest that BFA may affect
indirectly the nature of the organization of the pIgA-R and
TFR complexes in the basolateral endosomes.

pIgA-R and TFR Complexes Show Different Clustered
Organizations in Apical and Perinuclear Endosomes
Here, we compare the perinuclear and apical organization of
pIgA-R and TFR complexes internalized from basolateral
PMs in the presence of BFA. Images are collected at 6–8 �m
above the basal substrate for perinuclear localization and at
9–11 �m for apical localization (Figure 8A; green and red
rectangles, respectively). Comparing FRET events at the pe-
rinuclear and apical endosomes is only possible in the pres-
ence of BFA, whereas TFR complexes are redistributed to the
apical region showing strong colocalization with ARE’s
Rab11 as well as with transcytosing pIgA-R; in contrast, in
untreated cells, the apical TFR complexes colocalize mainly
with the AEE’s EEA1 and not with Rab11. As expected, in
the apical region of untreated cells, FRET between TFR and
pIgA-R complexes is undetectable, i.e., �5% (data not
shown) because they are found in different compartments,
AEE and ARE, respectively. With BFA, perinuclear endo-
somes show a typical perinuclear distribution surrounding
the upper nuclear region (Figure 8B, d–f), whereas the apical
endocytic punctate structures are localized in the center of
the cell, above the nucleus (a–c). Again, a large number of
ROIs are selected to compare perinuclear and apical endo-
somes, considering the selection criteria described in Figure
1B (Figure 8B, white squares). The dependency or otherwise
of E% on A levels for a range of apical and perinuclear ROIs
is plotted on Figure 8, C and D. Both perinuclear and apical
regions demonstrate a low r at D/A � 1 (r � 0.01 and 0.13,
respectively) with also low slope values, s � 0.01–0.09, and
at D/A � 2 (r � 0.03 and 0.43, respectively; Table 1), indi-
cating that E% is not dependent on A levels for both perinu-
clear and apical endosomes. Single-factor ANOVA compar-
ing E% values at D/A � 1, yields nonsignificant p values
(p 	 0.001) for both perinuclear and apical receptor clusters
corroborating the r and slope analysis (Table 1). Further-
more, perinuclear and apical E% show a clear negative
dependency on D/A at both high and low A levels (Figure
8, C and D), all parameters indicating a highly clustered
organization.

In Figure 9A, we compare the E% data for perinuclear and
apical in the presence of BFA. As established above, E% at
D/A � 1 behaves in a largely independent manner from
increasing A levels both for the apical and the perinuclear
endosomes (Figure 9A). However, a significant difference is
detected between the apical and perinuclear E% at D/A � 1
using an ANCOVA analysis (p � 0.001; Table 2). To confirm
this indication, the data sets are split into three groups with
low, medium, and high A levels, and the average E% is
plotted versus respective A groups (Figure 9B). Similarly, a
significant difference (p � 0.001) is detected between apical
and perinuclear E% at D/A � 1 at all A groups. Thus,
although the pIgA-R and TFR complexes show a clustered
organization in both, the perinuclear and apical endosomes,

Figure 7. BFA affects receptor organization in basolateral endo-
somes but not in perinuclear endosomes. (A) E% values at D/A �
1 were plotted as a function of Acceptor levels for basolateral ROIs
collected from images generated upon internalization from basolat-
eral PM in the presence (diamonds) or absence (circles) of BFA.
Trendlines are shown as visual helpers (�BFA, dotted line; �BFA,
dashed line). As expected, E% is dependent of Acceptor levels in
basolateral endosomes. These two data sets are significantly differ-
ent (p 	 0.001) using an ANCOVA statistical analysis (Table 2) with
�BFA E% levels slightly higher than �BFA E% levels. (B) E% values
at D/A � 1 were plotted as a function of Acceptor levels for
perinuclear ROIs collected from images generated upon internaliza-
tion from basolateral PM in the presence (diamonds) or absence
(circles) of BFA. Trendlines are shown as visual helpers (�BFA,
dotted line; �BFA, dashed line). As expected, E% is independent of
Acceptor levels in perinuclear endosomes. These two data sets are
not significantly different (p 	 0.001) using an ANCOVA statistical
analysis (Table 2).
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their E% levels are significantly different. Because E% is an
expression of distance, the proximities within a cluster may
be different in perinuclear versus apical endosomes.

DISCUSSION

Previously, we have used FRET to demonstrate that pIgA-
R-ligand complexes are distributed in a clustered manner in
apical endosomes of polarized MDCK-PTR cells (Wallrabe et
al., 2003a,b). These results suggested that the formation of
clusters is an essential part of the sorting and trafficking of
receptor-ligand complexes via polarized endocytic path-
ways. Several testable predictions result from this hypothe-

sis: one is that different membrane-bound receptors may
form clusters when traveling together to the same destina-
tion. Another is that receptor clusters may show distinct
organizations in various polarized endocytic compartments,
possibly influenced by their location, final destination, or
other regulatory mechanisms. To test these predictions, we
have used live-cell confocal FRET to characterize the orga-
nization of TFR and pIgA-R complexes in polarized endo-
somes of MDCK cells.

Intracellular Localization of the FRET Signal
To localize the intensity-based FRET signal within polarized
cells, we have developed a method to differentiate the baso-

Figure 8. Perinuclear and apical TFR and pIgA-R complexes show a clustered organization. (A) The organization of pIgA-R and TFR
complexes cointernalized from basolateral PMs in the presence of BFA was assayed at the apical (red rectangle) and perinuclear (green
rectangle) regions using FRET confocal microscopy. (B) Live-cell confocal FRET imaging was performed at the perinuclear and apical regions
of polarized MDCK-PTR cells upon internalization of Cy3-Tfn and Alexa488-pIgA-R ligand from the basolateral PM, in the presence of BFA.
Pseudocolor images depict the pixel-by-pixel distribution of Acceptor (b and e), D/A (a and d), and E% (c and f) levels at the apical (a–c)
and perinuclear (d–f) regions. Examples of selected ROIs are shown as white squares. Bar, 5 �m. (C and D) E%, D/A and Acceptor levels
were calculated for a wide range of ROIs. E% values were plotted as a function of Acceptor levels for D/A � 1 (�) and for D/A � 2 (‚).
Trendlines are shown as visual helpers (D/A � 1, dotted line; D/A � 2, dashed line). E% is largely independent of Acceptor levels and
increases with decreasing D/A ratios, suggesting that TFR and pIgA-R complexes present a clustered organization in perinuclear and apical
endosomes.
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lateral, perinuclear, and apical endosomal locations, repre-
senting the BEE, CE, and ARE compartments, respectively
(Apodaca et al., 1994; Barroso and Sztul, 1994; Brown et al.,
2000; Leung et al., 2000; Wang et al., 2000; Hoekstra et al.,
2004; Rodriguez-Boulan et al., 2005). These endosomes,
which to some extent overlap with one another, were identified
using a geographical criteria based on the subcellular localiza-
tion of the staining pattern of fluorophore-labeled pIgA-R and
TFR complexes, Rab11, an ARE marker (Casanova et al., 1999;
Leung et al., 2000; Wang et al., 2001) and EEA1, an early endo-
some marker (Mu et al., 1995; Simonsen et al., 1998a), in partic-
ular the AEE (Leung et al., 2000). This methodology allows the
assignment of FRET signal to specific endocytic compartments,
overcoming confocal FRET’s inability to identify the reference
space in which the energy transfer is taking place.

Of the three endocytic regions, the basolateral endosome
is in some ways the easiest to identify predominantly as the
BEE. Imaging at a focal plane across the lower part of the
nucleus at a consistent distance from the basal substrate and
analyzing only peripherally located fluorescence largely
avoids “contamination” by the CE. Isolating the perinuclear
endosomes by imaging them across the upper part of the
nucleus at the center of the cell and away from the periphery
to avoid contamination with the BEE/AEE and ARE, is
somewhat more difficult, but doable with a relatively high
degree of confidence. Reduced perinuclear and strong apical
colocalization of Rab11 with TFR complexes suggests low
overlap between perinuclear and apical endosomes, as ex-
pected for CE and ARE. Although some colocalization be-
tween EEA1 and TFR complexes is detected at the perinu-
clear region, it occurs mainly in the cell periphery,
suggesting that contamination by the BEE/AEE can be re-
duced by collecting ROIs away from the cell periphery.

Interestingly, in the presence of BFA, only a weak colocal-
ization is detected between EEA1 and TFR complexes at the
perinuclear region, providing a clear distinction between CE
and early endosomes. The apical region is narrowed down
by imaging close to the apical PM, clearly above the nucleus
and at the center of the cell. Morphological identification of
the apical endosomes as the ARE, is achieved by the staining
with pIgA-R ligand, but not Tfn, in the absence of BFA, and
by the strong colocalization of TFR complexes with Rab11 or
pIgA-R in the presence of BFA. The apical endosomes
should be comprised mainly of ARE because imaging at the
center of the cell and close to the apical PM will avoid
contamination with AEE and CE, respectively. Furthermore,
in the presence of BFA, TFR complexes show a reduced
colocalization with EEA1 and a strong overlap with Rab11 at
the apical region suggesting that they are shifted to a baso-
lateral-to-apical transcytotic pathway where they are deliv-
ered to the BEE, CE and ARE at the basolateral, perinuclear
and apical regions, respectively. These results suggest that
while BEE, AEE, and CE are all subdomains of a wider
network of endosomal compartments (Odorizzi et al., 1996;
Leung et al., 2000), the ARE is part of a separate endosomal
compartment, which acts as a direct route to the apical PM.
Furthermore, BFA causes a significant alteration in the lo-
calization of TFR complexes throughout the endocytic path-
way of polarized MDCK cells but not in the distribution of
Rab11 and EEA1, suggesting as previously indicated by
Wang et al. (2001), that BFA disrupts the polar sorting of
Tfn-TFR complexes but not the overall sequential localiza-
tion of polarized endocytic compartments as well as their
ability to remain distinct from each other. Therefore, the
definition of basolateral, perinuclear and apical endosomes
as BEE, CE, and ARE, respectively, is insensitive to BFA and

Figure 9. Perinuclear and apical E% show significant differences. (A) E% values at D/A � 1 were plotted as a function of Acceptor levels
for perinuclear (circles) versus apical (diamonds) ROIs collected from images generated upon internalization from basolateral PM in the
presence of BFA. Trendlines are shown as visual helpers (perinuclear, dotted line; apical, dashed line). As expected, E% is independent of
Acceptor levels in perinuclear and apical endosomes. These two data sets are significantly different (p 	 0.001) using an ANCOVA statistical
analysis (Table 2) with perinuclear E% levels slightly higher than apical E% levels. (B) Perinuclear � BFA (light grey bars) and apical � BFA
(dark grey bars) E% averages were plotted versus different groups of Acceptor (low, medium, and high) upon cointernalization from
basolateral PM in the presence of BFA are shown to be significantly different (p � 0.001) by an ANOVA single-factor statistical analysis. The
presence of significantly higher E% levels in the perinuclear endosomes at the same D/A � 1 suggests a different overall organization of the
receptor-ligand complexes in the perinuclear versus the apical endosomes in the presence of BFA. Error bars, 95% confidence interval.
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independent of the transport pathways and cargo that may
cross them.

Quantitative FRET to Discriminate Random and
Clustered Receptor Distributions
Because of its low resolution (�200 nm), qualitative fluores-
cence microscopy used widely in cell biology cannot un-
equivocally confirm colocalization just because the staining
pattern of two fluorophores appears to be overlapping. In
contrast, FRET confocal microscopy with all the described
correction steps can provide this answer as FRET only oc-
curs when proximities are between 1 and 10 nm; it also
allows additional analyses and modeling steps that give
further insights into the nature of the colocalization.

A statistical approach based on correlation, slope and
ANOVA/ANCOVA statistical analysis of the E% versus A
relationship at D/A � 1 was developed to distinguish be-
tween a random and a clustered receptor organization. The
E% versus A at D/A � 1 relationship was selected because
of its high sensitivity to changes in receptor organization
(Wallrabe et al., 2006). E% versus D/A is used to provide
further insights into the tightness of the receptor cluster
organization (Wallrabe et al., 2003a,b, 2006).

To verify the veracity of the FRET-based clustering assay,
a negative control, where donor and acceptor-Tfn molecules
were applied to polylysine-coated coverslips, was assayed
using FRET confocal microscopy. In the absence of any
receptor-mediated organization, the data shows a depen-
dence of E% on A levels with a high (close to one) positive
correlation and slope values and a significant ANOVA p
value (Table 1). A strong dependency of E% on A levels
together with an overall independence of E% from D/A
indicates a clear random receptor distribution upon binding
to polylysine-covered slides. A positive control where pro-
teins by definition are clustered was used by taking advan-
tage of the dimeric nature of TFR (Lawrence et al., 1999;
Cheng et al., 2004). The data show a clear independent
behavior of E% from A levels with a low (close to zero)
correlation and slope values and a nonsignificant ANOVA p
value (Table 1). The two parameter data, with E% showing
a clear independence from A levels and a negative depen-
dence on D/A ratio, fits a clustered organization (Wallrabe
et al., 2006). In summary, these results provide a higher and
lower bound, respectively, for the organization level of re-
ceptor-ligand complexes in endocytic membranes (Wallrabe
et al., 2006).

pIgA-R and TFR Complexes Form Increasingly Tighter
Clusters along Polarized Endocytic Trafficking
Here, quantitative FRET confocal microscopy indicates a
basic distinction between basolateral and perinuclear endo-
somes (Sheff et al., 1999; Brown et al., 2000). In both basolat-
eral and per-nuclear endosomes, E% shows a positive de-
pendency on A levels. However, an unequivocal overall
independence of E% from D/A ratio at all A levels is de-
tected in the perinuclear but not in the basolateral endo-
somes (Table 1). We propose that early in endocytic traffick-
ing pIgA-R and TFR complexes are more loosely organized,
showing a mixed random/cluster organization, where clus-
ters comingle with randomly organized receptors. On reach-
ing the perinuclear and apical endosomes together, pIgA-R
and TFR complexes show a well-organized clustered distri-
bution with the majority of complexes in clusters.

A gradient of increasing receptor clustering is detected
from the basolateral to perinuclear endosomes (Figure 10),
suggesting that receptor clustering correlates strongly with
endocytic transport. Thus, multiple cycles of tubulovesicular

formation and fusion, which are required for iterative endo-
cytic membrane sorting (Mayor et al., 1993), may lead to
tighter receptor clusters during recycling and transcytosis,
providing a justification for why clustering would become
more organized as the two cotransported receptors move
deeper into the cell.

Another important point to address is the generality of the
receptor clustering phenomenon during membrane traffick-
ing. These experiments were performed in MDCK-PTR cells,
which express moderate amounts of human TFR and rabbit
pIgA-R. MDCK-PTR and their respective parental cells show
similar TFR and pIgA-R transport kinetics and regulation
(Apodaca et al., 1994; Brown et al., 2000; Babbey et al., 2006).
Therefore, we expect FRET events between TFR and pIgA-R
complexes to be minimally affected by the overexpression of
these receptors. In agreement, we have recently demon-
strated the ability of endogenous low-density-lipoprotein
receptor (LDL-R) to cluster in the sorting endosomes of
nonpolarized MDCK-PTR cells (unpublished results). Thus,
we posit that the clustering of receptor-ligand complexes is
an integral part of their membrane trafficking pathways.

Effect of BFA on the Organization of Receptors during
Polarized Trafficking
BFA has been shown to induce significant alterations in the
polarized endocytic trafficking of TFR and pIgA-R, without
affecting endosomal identity (Hunziker et al., 1991; Wan et
al., 1992; Prydz et al., 1992; Barroso and Sztul, 1994; Futter et
al., 1998; Wang et al., 2001). In particular, BFA increases the
basolateral-to-apical transcytosis of TFR and reduces its ba-
solateral recycling (Wan et al., 1992, 2001; Futter et al., 1998;
Figure 3A). Other research suggests that although the baso-
lateral-to-apical transcytosis of pIgA-R is impaired by BFA,
detectable amounts of pIgA-R are still able to reach the
apical PM in the presence of BFA (Hunziker et al., 1991;
Barroso and Sztul, 1994; Wang et al., 2001). BFA’s molecular
mechanism is related to its ability to inhibit the membrane
association of coat proteins and to block the formation of
transport vesicles.

Here, we have tested whether BFA-induced disruption of
polarized endocytic sorting leads to a block in receptor
clustering. Our results suggest that this is not the case and
that thus, BFA-dependent coats are not required for receptor
clustering. However, these results do not rule out a possible
involvement of BFA-insensitive coats, such Hrs (Sachse et al.,
2002; Yan et al., 2005). Other molecules may play a role in the
receptor clustering process, such as, sorting nexins, (Carlton
et al., 2004, 2005), phosphoinositide-binding proteins, such
as epsin (Ford et al., 2002; Legendre-Guillemin et al., 2004), or
alternate endocytic adaptors or clathrin-associated sorting
proteins (Traub, 2005).

BFA’s induced disruption of polarized sorting affects the
organization of receptor-ligand complexes in the basolateral
endosomes, resulting in an increase of E% levels while main-
taining the mixed random/clustered distribution. This data
suggests that polarized sorting of pIgA-R and TFR is initi-
ated at the BEE by spatially segregating transcytosing from
recycling receptors. This would predict that in BFA-treated
cells, an increase in BEE E% levels, while maintaining a
mixed random/cluster organization, may be due to an in-
crease availability of pIgA-R and TFR to randomly interact
with each other and/or to form a slightly higher number of
receptor clusters. It is important to note that spatial segre-
gation within a 10–100-nm range would be enough to be
detected using a FRET assay; this range would not be easily
distinguished using standard fluorescence confocal micros-
copy. On the other hand, a similar tightly clustered behavior
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in perinuclear endosomes in the presence or absence of BFA
suggests that sorting occurs mainly before the arrival of
receptor-ligand complexes to the CE.

In summary, polarized membrane trafficking can be dis-
criminated into two steps. One is the BFA-independent for-
mation of receptor clusters, which is initiated at the BEE.
Another step is the BFA-dependent spatial segregation of
trancytosing from recycling receptors; this sorting would
determine the composition of receptor clusters.

pIgA-R and TFR Complexes Form Distinctly Organized
Clusters in Perinuclear and Apical Endosomes
As mentioned above, the FRET data collected at the apical
region should originate mainly from receptor clusters local-
ized at the ARE, as indicated by the colocalization between
TFR complexes and Rab11, whereas the FRET signal col-
lected at the perinuclear region should reflect mainly the CE
and not the ARE and BEE/CEE considering the reduced
colocalization between TFR complexes and Rab11 and
EEA1. Our results indicate that although both types of en-
dosomes show the existence of receptor clusters, there are
significant differences in E% values between them, suggest-
ing different pIgA-R and TFR cluster organizations. There-
fore, the difference detected between FRET data collected at
apical and perinuclear endosomes in the presence of BFA
should reflect ARE and CE different receptor cluster organi-
zations and subsequent functional differences between these
two endosomes.

E% is very often an expression of distance and higher
levels are associated with shorter distances. In the context of
a cluster, this could mean tighter packing. Modeling, using
the known geometries of both pIgA-R and TFR would be
one way to address this question in the future. However, the
three-dimensional configurations of the TFR and pIgA-R
complexes may allow for a number of packing modalities
increasing the complexity of such a modeling analysis. Nev-
ertheless, the lower E% levels detected in the ARE suggests
a reduced clustering organization of pIgA-R and TFR com-
plexes. Several hypotheses may explain such behavior; for
example, the higher tubulation of the CE even in the absence
of BFA may be related to their tighter receptor cluster orga-
nization. Differences in clustering platforms or clustering
facilitators might also impact the cluster organization.

Biological Implications
The FRET-based quantitative assay presented here suggests
that different receptor-ligand complexes form clusters, with
distinct levels of organization, while being cotransported
toward a common destination along the polarized endocytic
pathways of MDCK cells (Figure 10). Several interesting
questions about the biological basis of this distinct organi-
zation in endocytic receptor clusters can be raised. An ap-
pealing possibility is that increased cluster organization is a
consequence of the progression of membrane trafficking
along the endocytic pathway; may be due to multiple itera-
tive steps of tubulovesicular formation and fusion. Another

Basolateral PM

Apical PM
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BEE

Nucleus

E%
Low High

Mixed

High E%

Clustered

Clustered
Low E%

Figure 10. Model for distinct organizations of
receptor clusters throughout the endocytic path-
ways of polarized cells.
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hypothesis is that distinct receptor cluster organizations are
caused by differences in the molecules responsible for the
establishment of the platform where clustering takes place
and/or for facilitating the actual clustering process. Yet
another interesting hypothesis is that membrane microdo-
mains showing increased clustering of receptor-ligand com-
plexes may overlap with regions of high curvature and/or
tubulation. This scenario is possible because the oligomer-
ization of transmembrane proteins with a conical shape has
been proposed to induce membrane deformation and cur-
vature (McMahon and Gallop, 2005). Finally, a model de-
scribing apical targeting via lipid rafts proposes that a clus-
tering event is necessary to convert apical proteins
associated with small lipid rafts into functional apical sort-
ing platforms (Hannan et al., 1993; Paladino et al., 2004;
Rodriguez-Boulan et al., 2005). The exact mechanism gener-
ating this clustering remains to be determined. Nonetheless,
the findings presented here underline the importance of
endocytic receptor clustering and its key role in membrane
trafficking and sorting in polarized cells. The assay de-
scribed here should provide another useful approach to
extend the exploration in this area.
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